Introduction
It is well-known that the basic characteristics of materials often change such as higher boiling point 1) or higher speed chemical reaction or lower temperature chemical reaction 2, 3) or another material creation, [4] [5] [6] when a high frequency electromagnetic field is applied to not only the organic substance but also the ceramics and the metal.
The application of the high frequency electromagnetic field to the steel making plant or related materials is also researched. [7] [8] [9] [10] [11] [12] When the application is used in the metal or the oxide metal, the quite different characteristics are observed between the bulk-formed material and the particleshaped materials, 4) and the different material constants such as a dielectric constant or a magnetic permeability are measured among the different diameters of the particle. 13, 14) One of the reasons is considered to be a "particle effect", which means that the material characteristics become different between the particle-shaped materials and the bulkformed material. A change in the characteristics of the particle-shaped materials is observed between before the electromagnetic field application and after, though a change in the characteristic of the bulk-formed material is not observed between before the electromagnetic field application and after. [15] [16] [17] Though the high frequency electromagnetic field only reflects at the bulk-formed metal when it is applied to the bulk-formed metals, the particle-shaped metals become fully sintering when the high frequency electromagnetic field is applied to the particle-shaped metals. 4) I estimate that the circumstance of electromagnetic field would change in the particle-shaped materials, because the electromagnetic field is transmitted through the particles by way of induced eddy current. 15, 16) The high frequency electromagnetic field exists not only at the surface of the particle-shaped materials but also inside the particle-shaped materials. Since the electromagnetic field penetrates deeply inside the particle-shaped materials, the eddy current also induced inside the particle-shaped materials. The eddy current generated in the particle of the particle-shaped materials is considered to cause a local high temperature or a local high electrical field or electromagnetic force to make the particles move. Therefore, a quite different circumstance for changing the basic characteristics would occur inside the particle-shaped materials, when the high frequency electromagnetic field is applied.
However, the detail researches of the electromagnetic field circumstance change have not been reported until now. To make clear the electromagnetic field circumstance, an evaluation of electromagnetic phenomena is necessary in particle size. Since the electromagnetic field circumstance To estimate the electromagnetic field circumstance of the particle-shaped material in high frequency electromagnetic field application, the penetration scale length is shown in this paper by means of micro-sized calculation model, in which the eddy current and displacement current is considered and finite element method based on jw method is used. From the calculation results, the following items are introduced. The eddy current, which is induced by external magnetic field, plays an important role, when electromagnetic field is applied to the particle-shaped materials in high-frequency. It is important that the electromagnetic field is in the high frequency domain where the side wave occurs, in order that the electromagnetic field is transmitted deeply into the particle-shaped materials. When the electrical conductivity of the particle substance of the particle-shaped materials varies, the eddy current distribution within the particle is different and the estimated penetration scale length has a peak value. In the high electrical conductivity, the eddy current has a clean circle within the particle, which flows around the external magnetic field direction. High Joule energy consumption is obtained. In the electrical conductivity at which the penetration scale length has a peak value, the eddy current flows in one-sided within the particle and small Joule energy consumption is obtained. In the low electrical conductivity, the eddy current flows in the same direction within all area of the particle, and high Joule energy consumption is obtained. The particle begins to behave like a dielectric and then the continuity of eddy current is not formed.
depends upon the frequency to impose and the electromagnetic material constants of the particle substance in the particle-shaped materials, it is an important thing to evaluate the electromagnetic field circumstance in changing the frequency and the electromagnetic material constants in the particle size.
To evaluate the particle effect, only the experimental method is almost impossible, because it is difficult to measure the electromagnetic data such as an electrical field or a magnetic field or an eddy current in the particle size. Then the numerical calculation method is useful to evaluate it. Though a large scale calculation model such as meter-size is useful to evaluate the applicator design by means of FDTD (Finite Difference Time Domain) method, 18) it is large enough and then not useful to evaluate the electromagnetic field circumstance in the particle size. Though a very small scale calculation model such as nano-meter size is useful to calculate the electromagnetic material constants by means of ab-initio calculation method, 19) it is small enough and then not useful to evaluate the electromagnetic field circumstance in the particle size. Therefore, a microsized numerical calculation model, which is almost the same size as the particle diameter, is considered to evaluate the electromagnetic field circumstance in the particle size. In this paper, the basic electromagnetic field circumstance in the particle size is shown by means of the micro-sized model. Figure 1 is the schematic view of macro-sized model in application of high frequency electromagnetic field to the particle-shaped materials and the bulk-formed material. For frequency to think about here, 1 GHz, 10 GHz, 100 GHz are considered, but, Fig. 1 is shown about 10 GHz. Then the wave length of electromagnetic field becomes 30 mm. As a diameter of the particle of the particle-shaped materials, 2 mm is considered. The wave length is large enough compared with a diameter of the particle. Because there is the issue of explosion of the number of the analysis mesh, it is difficult to evaluate the influence of the particle in the particle-shaped materials on the scale of the macro-sized model. To describe the particle effect, the micro-sized numerical calculation model of the electromagnetic field is considered here. Figure 2 shows the micro-sized numerical calculation model. It expands the surface area of the particle-shaped materials to which the high frequency electromagnetic field is applied. The electromagnetic wave is applied to the surface of the particle-shaped materials with an electromagnetic field. The value of the electromagnetic field changes by surface place and by time of the particle-shaped materials and the distribution of the electromagnetic field can be obtained by the macro-sized model analytically. It is assumed that the greatest electromagnetic field is applied to the surface of the particle-shaped materials in the microsized model. The behavior of an electromagnetic field at that condition and the evaluation are obtained by the microsized model.
Calculation Model and Evaluation

Calculation Model
In the micro-sized model, it is considered that the particle has the same diameter and the same shape as sphere and The particles of the particle-shaped materials are electrical conductive. The other part of the particles in the microsized calculation model is considered to be air. Then the particles are electrically insulated each other. Figure 3 is a boundary condition of the micro-sized model. In the X-Y plane in ϪZ-side, sinusoidal electrical field in ϩX-direction is set up as input data. Sinusoidal magnetic field in ϩY-direction is also set up as input data. Because of high frequency, electrical field and magnetic field are orthogonal and are parallel to the surface of the particle-shaped materials and move to it. Transparent boundary condition is also set up so as to be no component vertical to the X-Y plane of electrical field and magnetic field. The transparent boundary condition means that the electromagnetic field is parallel to the boundary plane and passes though in vertical to it. It corresponds to the absorbing boundary condition in FDTD. 20) In the X-Y plane in ϩZ-side, transparent boundary condition is set up. Then the electromagnetic wave moves from ϪZ-side to ϩZ-side.
In Y-Z plane in ϩX-side and ϪX-side, electrical field wall boundary condition is set up. There is no component parallel to the Y-Z plane of electrical field. In Z-X plane in ϩY-side and ϪY-side, magnetic field wall boundary condition is set up. There is no component parallel to the Z-X plane of magnetic field. These boundary conditions mean that the micro-sized model continues in X-direction and Ydirection periodically. It is assumed that the periodical size (3 mm) is small enough compared with the electromagnetic wave length (3-300 mm).
Skin depth of the electromagnetic field defined as follows is also considered for the related parameter between the electrical conductivity and frequency, since the transmission is caused by induced eddy current. Table 1 shows a calculation condition. Frequency is considered to be 1 GHz as well as 10 GHz and 100 GHz for comparison. To obtain the basic characteristics of particle, electrical conductivity of the particles changes from 3.64ϫ 10 7 S/m (aluminum) to 2.53ϫ10 1 S/m. The one of nichrome is about 1ϫ10 5 S/m and the one of seawater is about 5ϫ10 0 S/m. 21) The particles are considered to be non-magnetic and non-dielectric. Input electromagnetic power (P 1 ) is 1 W per the cross section of one side of 3 mm. Figure 4 shows the skin depth (d ) characteristics when the electrical conductivity changes from 3.64ϫ10 7 S/m (aluminum) to 2.53ϫ10 1 S/m from the Eq. (1). The skin depth (d) changes from 2.6 to 3 162 mm in 1 GHz, from 0.8 to 1 000 mm in 10 GHz, and from 0.26 to 316 mm in 100 GHz, respectively. Since the radius of the conductive particle material (R) is 1 mm, the ratio of skin depth and particle radius (d/R) changes from 2.6 to 3 162 in 1 GHz, from 0.8 to 1 000 in 10 GHz, and from 0.26 to 316 in 100 GHz, respectively. Therefore, a range of the particle diameter from about a one-tenth to 3 000 times of the skin depth and a high frequency more than MHz are considered here.
The Maxwell equations including eddy current and dis- Table 2 shows the input data of external electromagnetic field in Fig. 2 . Because jw method is used in this calculation, real part and imaginary part of electrical field and magnetic field are shown. Real part corresponds to electromagnetic field distribution at wtϭ0 and imaginary part corresponds to electromagnetic field distribution at wtϭp/2. Because of no data in imaginary part as the input data of external electromagnetic field, electromagnetic field has a maximum value at wtϭ0 in input area. Electrical field (E x ) and magnetic field (H y ) are connected according to the next equations derived from electromagnetic field theory. Here, P 1 is the input power of electrical field. Calculation mesh number is about a million, which depends on the calculation conditions such as electrical conductivity or frequency. Auto mesh function and tetrahedron mesh shape are used to divide the model. Several meshes are divided in the skin depth at the surface of the particle.
Evaluation
To evaluate the particle effect of the particle-shaped materials, the penetration scale length inside the particleshaped materials is important for the large scale applicator design such as meter-size or so. Then the estimated penetration scale length should be considered to select the frequency or the material constants of the particle substance by means of the micro-sized calculation model.
However, there is a limitation of the divided element number in 4 GB of main memory, because all data are used in main memory in the finite element method. The number of the particles to be calculated is very small such as 5 in this case and the calculation area is limited to be a microsize. The transmission of the electromagnetic field among the particle-shaped materials seems to be deep. Then the calculation model of a large number of the particles is impossible to evaluate the decrease of the electromagnetic field.
Therefore, to estimate the penetration scale by the calculation results of the micro-sized model, the penetration scale length of the particle-shaped materials is introduced as 17) ... Here dP/dl is a gradient of electromagnetic power.
In the micro-sized model, "dP" in Eq. (11) is consumption energy. Then, since air is no energy consumption and the particle is electrical conductive, it corresponds to the Joule heating of the particles in the micro-sized model de- Here, j ik is a root mean square of eddy current of element "k" of particle "i", V ik is a volume of element "k" of particle "i".
The "dl" in Eq. (11) is 15 mm in this calculation model. The penetration scale length is an estimation method of the electromagnetic field penetration among the particle-shaped materials by means of the extrapolation at the initial stage.
Results and Discussion
Electromagnetic Characteristics
To obtain the basic electromagnetic field characteristics among the particle-shaped materials by the micro-sized model, electrical field, magnetic field and eddy current distribution in Y-Z plane, Z-X plane and X-Y plane in real part and imaginary part are shown in in real part. It is considered that electrical field passes through the particles among the particle-shaped materials, because the particle is an electrical conductive body and it is electrically insulated each other by air. Electrical field does not pass inside the particle, because the particle is electrical conductive and the surface of the particle becomes the same electrical potential. Then the high electrical field is observed at the top part and the bottom part outside the particle in X-direction. Magnetic field is shown in Y-direction in real part only. The input data of magnetic field is only in Y-direction in real part. The dots in Z-X plane in real part mean that magnetic field is in Y-direction, which is perpendicular to the plane of Fig. 5(b) . Magnetic field passes inside the particles, because the particle is non-magnetic and it is thought that the effect of induced magnetic field by eddy current is small (the behavior of the eddy current is shown in later). The magnetic field is almost uniform in micro-sized model. Since there is almost no component in imaginary part of magnetic field, the induced magnetic field by eddy current seems to be ignored.
Eddy current is mainly shown in Z-X plane in imaginary part only while drawing form of arc on the particle inside. The eddy current on the particle inside is derived from the induction electromotive force (Eq. (3)) when magnetic field changes in terms of time. The eddy current is not observed in real part. Since the electrical field acts outside the particles at the time of real part, and the surface of the particle becomes the same electrical potential, the eddy current does not generate inside the particle at the time of real part. Figure 6 shows the estimated penetration scale length characteristics in changing the electrical conductivity. Frequency to impose is a parameter as 1 GHz, 10 GHz and 100 GHz. The electromagnetic field seems to be transmitted and penetrated deeply among the particle-shaped materials such as 1-100 m or so.
Frequency Characteristics
The estimated penetration scale length has a peak value when the electrical conductivity changes. Each frequency has the same electrical conductivity at which the estimated penetration scale length has a peak value. The frequency with the peak estimated penetration scale length does not depend on the skin depth. Therefore, the electrical conductivity and frequency, not skin depth, seems to be important for the particle effect. The estimated penetration scale length is in proportion to square of the frequency.
Since there is a peak value of the estimated penetration scale length in changing the electrical conductivity in Fig.  6, 3 cases, which are indicated in Fig. 6 , are considered to evaluate it. The case 1 is that the electrical conductivity is large enough as 3.64ϫ10 7 S/m. The case 2 is that the electrical conductivity is 2.81ϫ10 4 S/m. The case 3 is that the electrical conductivity is small enough as 2. Then the eddy current distribution of 5 particles is shown in Figs. 7 and 8 . It is a cross section view of Z-X plane at center position of the particles. Since the eddy current is induced by external magnetic field as described in the previous sub-section, only an imaginary part of the eddy current distribution is shown. The external magnetic field is imposed from left side to the right side.
Eddy Current Distribution
Every particle in each case and in each frequency has the same eddy current distribution. The decrease of the electromagnetic field among the 5 particles is not observed.
In case 1, the eddy current draws a clean circle along circumference. Since the external magnetic field is supplied to the particle in Y-direction, eddy current is going to flow around the Y-direction from the Eq. (3). Since the ratio (d/R) is small enough, an induced magnetic field by the eddy current does not operate the other side of the particle. Then a clean circle within the particle is considered to be possible to draw around the Y-direction. Now I consider the situation that the electrical conductivity changes a little within the condition of case 1. Then the root-mean-square of electromotive force induced by alternate magnetic field is constant because of the Eq. (3). Then it is thought that the eddy current is in proportion to the electrical conductivity because of the Eq. (7) as far as skin depth is comparatively smaller than the diameter of the particle. Then the Joule heating is in proportion to the electrical conductivity because of the Eq. (12) . Therefore, the estimated penetration scale length of the particle-shaped materials is in inverse proportion to the electrical conductivity.
In this case, since the directions of the electric current with the aspect to face between adjacent particles are different, the repulsive electromagnetic forces are considered to be supplied to the adjacent particles. 23) In case 2, the eddy current flows in left side only which is an input side of the magnetic field. Since the ratio (d/R) becomes large, an induced magnetic field by the eddy current operates the other side of the particle. Then since the eddy current in the other side of the particle is impossible to induce, one-sided eddy current flows. Since the electromagnetic field enters from the input side, it is considered that the eddy current flows in input side. Since the electrical conductivity becomes small and the eddy current is formed to be difficult to flow within the particle, the Joule heating becomes small and the penetration scale length becomes large. In this case, since the place that an eddy current flows through and the place that eddy current does not flow through face and are adjacent, the electromagnetic force supplied to the particles is considered to be small.
In case 3, the eddy current flows in all part of the particle in one-direction (X-direction), which is the vertical direction to the external magnetic field. Since the electrical conductivity becomes small and the ratio (d/R) becomes large enough, the eddy current is impossible to form a clean circle such as case 1. The particle begins to behave like a dielectric in the case 3 condition. Then the continuity of eddy current is not formed and the electrical charge distribution seems to be an important role. Now I consider the situation that the electrical conductivity changes a little within the condition of case 3. Since the external magnetic field is constant, the root-mean-square of the induced electromotive force from the Eq. (3) becomes constant. Then, the total quantity of the electrical charge to move during a half period becomes constant. Since the movement of the electrical charge during a half period is considered to be eddy current in the case 3 condition, the eddy current becomes constant. Then the Joule heating is in inverse proportion to the electrical conductivity because of the Eq. (12) . Therefore, the estimated penetration scale length of the particle-shaped material is in proportion to the electrical conductivity.
In this case, since the eddy current of the same direction is called off in all particles, the attractive electromagnetic forces are considered to be supplied to the adjacent particles. 23) Therefore, the penetration scale length has a peak value, since the eddy current generation inside the particle changes from the eddy current continuity to the electrical charge movement, when the electrical conductivity decreases.
In high frequency, since the alternate magnetic field is applied to the particle-shaped materials as a side wave, which means that the direction of the magnetic field is in parallel to the surface, it is thought that the eddy current is transmitted deeply into the particle-shaped materials. In case of low frequency, which means that the alternate magnetic field is not applied to the particle-shaped materials as a side wave, the alternate magnetic field operates the particle-shaped materials in vertical direction. At that time, it is thought that the eddy current is not transmitted deeply into the particle-shaped materials because of the electromagnetic shield effect by the eddy current. Therefore, it is said that it is the important factor that the electromagnetic field is in the high frequency domain where the side wave occurs, in order that an electromagnetic field is transmitted deeply into the particle-shaped materials.
In comparison with Fig. 7 of 1 GHz and Fig. 6 of 10 GHz, the eddy current distribution is almost the same for each case. Only the difference is the value of the eddy current. The eddy current in 10 GHz (Fig. 8) has 10 times larger values than the one in 1 GHz (Fig. 7) , since the induced electromotive force is in proportion to the frequency because of the Eq. (3). The eddy current distribution seems to depend on the electrical conductivity and frequency, not the skin depth.
Then "dP" in Eq. (4) as consumption energy of Eq. (5) is in proportion to square of the frequency, since the consumption energy is in proportion to square of eddy current when the electrical conductivity is constant. Since the estimated penetration scale length is in inverse proportion to the consumption energy, the estimated penetration scale length is in proportion to square of the frequency.
Conclusion
To estimate the electromagnetic field circumstance of the particle-shaped material in high frequency electromagnetic field application, the penetration scale length is shown in this paper by means of micro-sized calculation model. In the micro-sized model, the eddy current and displacement current is considered and finite element method based on jw method is used. From the calculation results, the following items are introduced.
(1) The eddy current, which is induced by external magnetic field, plays an important role, when electromagnetic field is applied to the particle-shaped materials in high-frequency. It is important that the electromagnetic field is in the high frequency domain where the side wave occurs, in order that the electromagnetic field is transmitted deeply into the particle-shaped materials.
(2) When the electrical conductivity of the particle substance of the particle-shaped materials varies, the eddy current distribution within the particle is different and the estimated penetration scale length has a peak value.
(3) In the high electrical conductivity, the eddy current has a clean circle within the particle, which flows around the external magnetic field direction. High Joule energy consumption is obtained.
(4) In the electrical conductivity at which the penetration scale length has a peak value, the eddy current flows in one-sided within the particle and small Joule energy consumption is obtained.
(5) In the low electrical conductivity, the eddy current flows in the same direction within all area of the particle, and high Joule energy consumption is obtained. The particle begins to behave like a dielectric and then the continuity of eddy current is not formed.
